Purpose: Immunotherapy targeting the PD-1/PD-L1 pathway has changed the treatment landscape of non-small cell lung carcinoma (NSCLC). We demonstrated that HHLA2, a newly identified immune inhibitory molecule, was widely expressed in NSCLC. We now compared the expression and function of PD-L1 with alternative immune checkpoints, B7x and HHLA2.
Introduction
The B7 family of ligands and CD28 family of receptors play crucial roles in the regulation of T-cell responses by providing costimulatory and coinhibitory signals (1, 2) . Immunotherapy with antibodies against the well-known elements of the family, such as PD-1, PD-L1, and CTLA4, has revolutionized the treatment paradigm for a variety of tumor types, including non-small cell lung cancer (NSCLC). The antibodies targeting the PD-1/ PD-L1 pathway have demonstrated impressive clinical benefits with prolonged survival in comparison with conventional chemotherapy, resulting in FDA approval of nivolumab, pembrolizumab, and atezolizumab in NSCLC as second-line treatment, as well as pembrolizumab in treatment-na€ ve patients with tumor PD-L1 high lung cancers (3) (4) (5) (6) .
The tumor PD-L1 expression has been implicated as one of the predictive biomarkers for these agents. In the treatment of refractory NSCLC, high PD-L1 expression was associated with an higher response rates (around 30%-40%) from the PD-1/ PD-L1inhibitors, whereas only 8% to 10% of patients with negative PD-L1 expression would respond to these antibodies (7) . Nevertheless, PD-L1 expression is not a perfect biomarker, and several other factors have also been proposed in predicting the activities of the PD-1/PD-L1 inhibitors, for instance, immune evasion mechanisms involving alternative immune checkpoint molecules; immune activity surrogates like tumor-infiltrating immune cells [tumor-infiltrating lymphocytes (TIL)], T-cell receptor clonality and immune gene signatures; tumor foreignness such as mutational burden, neoantigen burden, and other surrogate markers (7) (8) (9) .
B7x (B7-H4/B7S1) (10) (11) (12) and HHLA2 (B7H7/B7H5/B7y) (13) (14) (15) (16) (17) are recently discovered B7 family ligands, which potentially function as T-cell coinhibitory molecules as evidence suggests that they suppress proliferation and cytokine production of both CD4 þ and CD8 þ T cells. Given their emerging roles of suppressing tumor immune responses with likely different immune evasion mechanisms from PD-1/PD-L1 pathways (2, (18) (19) (20) (21) (22) (23) (24) , there has been increasing interests to explore them as therapeutic immune targets (17, 25) . We previously investigated the expression and clinical significance of the most recently discovered immune checkpoint, HHLA2, in human lung cancer and found that it is widely expressed in NSCLC across different subtypes and is associated with EGFR mutational status (26) . The results suggest that HHLA2 may be a novel immune evasion mechanism within the lung cancer microenvironment and thus a potential target for lung cancer immunotherapy.
Despite their established expression in a significant fraction of human lung cancers, the expression association between HHLA2, B7x, and PD-L1 in any human cancer remains unknown. In the current study, we focused on determining the coexpression profiles and clinical significance of PD-L1, B7x, and HHLA2 in lung cancer, especially the contribution of B7x and HHLA2 in PD-L1-negative tumors. We also examined and compared their capability to suppress human CD4 and CD8 T-cell functions.
Materials and Methods

Patients and samples
As previously reported (26) , the relevant clinical data and pathology information were collected through retrospective chart reviews. All protocols were reviewed and approved by the Institutional Review Board. Tissue microarrays (TMA) in the discovery cohort included 195 NSCLC tumor tissues, and the TMAs in the separate validation cohort consisted of 197 NSCLC cases (mostly resected stage I-III NSCLC specimens). The TMAs were prepared as 1.0 mm cores with all cases in triplicates and with at least one of the three cores at the periphery of the nodule/mass, but still containing tumor.
In the discovery cohort (n ¼ 195 patients), the mean age of the patient population was 68.3 years. Among them with known staging information (n ¼ 180), stage I, II, and III were 81%, 12%, and 7%, respectively. For patients in the validation cohort (n ¼ 197), the mean age was 66.5 years. Stage I, II, and III were 70%, 16%, and 14%, respectively, in cases with staging details (n ¼ 171). Histology wise, 64% of cases in the discovery group and 76% in the validation cohort were adenocarcinoma (Table 1) .
IHC and assessment of TILs
As described previously (26) , formalin-fixed primary lung tumor tissue sections were deparaffinized, followed by antigen retrieval treatment with sodium citrate (10 mmol/L, pH 6.0). Endogenous peroxidase activity was blocked by Dako peroxidase blocking reagent (Dako Corporation). A rabbit PD-L1/ CD274 (SP142) mAb (Spring Bioscience) was used at a dilution of 1:100; a mouse anti-human HHLA2 mAb (clone 566.1, IgG1; refs. 13, 17, 26) was used at a concentration of 4 mg/mL (dilution of 1:500); a monoclonal anti-B7x (clone 1H3, IgG1; refs. 25, 27) antibody was used at dilution of 1:500 for overnight incubation. The B7x and HHLA2 antibodies have been validated by previously published studies (25, 26, 28, 29) . Then, Dako Envision system-HRP (Dako Corporation) was used by adding biotinylated link universal and streptavidin-HRP, followed by DAB chromogen (Dako Corporation) and hematoxylin nuclear counterstaining. The expression of PD-L1, B7x, and HHLA2 was evaluated using IHC in FFPE patients' specimens, and scoring was performed by two independent investigators. On the basis of the intensity of staining, PD-L1, B7x, and HHLA2 expression was quantified as 0, 1, 2, and 3 for absent, low, moderate, and high expression. The H-score was determined as the percentage of staining (proportion score) multiplied by an ordinal value corresponding to the maximum intensity score in the specimen. The results of PD-L1 staining are also reported as a tumor proportion score, which is the percentage of tumor cells showing membrane staining of PD-L1.
As described previously (26) , the scoring of TILs was performed in the same slides used for H&E staining and was read using a three-tiered scale based on the visual estimation of the proportion of lymphocytic infiltration in each histospot. A score of "absent" indicated absence of TILs, "low" was defined as 1% to 30%, and "high" was defined as >30%.
Human T-cell proliferation assay, cytokine analysis, antibodies, and flow cytometry Human T cells were purified with Human T Lymphocyte Enrichment Set-DM (BD IMagTM) from 11 donors. All protocols were reviewed and approved by the Institutional Review Board. Purified T cells were labeled with CFSE (5 mmol/L; Sigma) in PBS for 10 minutes at room temperature, followed by wash with complete medium for at least 3 times. The 96-well round-bottom plates were precoated with anti-human CD3 (OKT3; BioLegend), control human IgG (hIgG) at 5 mg/mL, human PD-L1-Ig (hPD-L1-Ig) at 5 mg/mL, human B7x-Ig (hB7x-Ig) at 5 mg/mL, or human HHLA2-Ig (hHHLA2-Ig) at 5 mg/mL (R&D Systems) in PBS overnight at 4 C as reported previously (13) . Plates were then washed with PBS 3 times and incubated with CFSE-labeled purified T cells in RPMI1640 medium (containing 10% FBS with 100 U/mL penicillin, 100 mg/mL streptomycin, 10 mmol/L HEPES, and 50 mmol/L 2-mercaptoethanol) for 4 days. T-cell proliferation was analyzed with anti-CD4 and anti-CD8 antibodies by flow cytometry.
Supernatants were collected 3 days after T-cell cultures. Human Th Cytokine Panel (13-plex; BioLegend) was used for measurement of human IL5, IL13, IL2, IL6, IL9, IL10, IFNg, TNFa, IL17F, IL17A, IL4, IL21, and IL22 according to the manufacturer's instructions.
Purified T cells were stained with combination of APC anti-CD3, PE anti-CD4, PE/Cy7 anti-CD8, and isotype controls (BioLegend). Samples were acquired with LSR Yellow (BD Biosciences) and analyzed with FlowJo (Treestar). 
Statistical analysis
Translational Relevance
Immunotherapy with antibodies against PD-1 or PD-L1 has shifted the treatment paradigm in lung cancer, despite modest efficacy as monotherapy in PD-L1-negative tumors. There is a strong interest in identifying new predictive biomarkers, resistance mechanisms, and new therapeutic targets. B7x and HHLA2 are newly discovered members of the B7-CD28 immune checkpoint family. Our study shows that both B7x and HHLA2 are widely expressed in lung cancers. There is limited coexpression of PD-L1 with B7x and HHLA2. Remarkably, B7x and HHLA2 are commonly found in PD-L1-negative tumors. Functionally, all three checkpoint molecules suppressed TCR-mediated proliferation of T cells and cytokine production from T cells. These results suggest that B7x and HHLA2 are potential immune escape mechanisms in these tumors and thus pave the way for designing novel combined or alternative immunotherapeutic strategies.
expression-positive and negative groups. Two-sample proportion test was preformed to test whether the frequency of positive PD-L1 expression is greater in one mutational, histologic, or ethnic subgroup than another for pairwise comparisons. Wilcoxon rank sum test was used to test whether the PD-L1 H-score was greater in one mutational, histologic, ethnic, or TIL subgroup than another. Logistic regression models were used for multivariate analysis. Comparison of the Kaplan-Meier survival curves 
between expression-positive and negative groups or different degree of TIL groups were performed using the log-rank test. Similar statistical approaches were used to analyze the expression profile of B7x. All tests were two-sided using the SAS 9.2 software (SAS Institute Inc.). All P values 0.05 were considered statistically significant.
Results
Clinicopathologic characteristics of PD-L1 expression in patients with lung cancers The clinicopathologic features of PD-L1 expression were first analyzed in the discovery cohort (n ¼ 195 patients) and then reassessed in the separate validation set (n ¼ 197 patients; Table 1A ). As reported previously (26) , the majority of patients (85%, 334/392) had resected stage I to III NSCLC. Mutational status was available for approximately half of the population (49%, 191/392), and histology was documented for the whole cohort. PD-L1 was expressed in 25% of the tumors in the discovery cohort and 31% of cases in the validation set (Table 1A) . Positive PD-L1 cases were defined as samples with percentage of tumor cells revealing membranous staining of PD-L1 ! 1% (with intensity score 1, 2, or 3; Fig. 1A) . The relationship between tumor PD-L1 expression and clinicopathologic variables in lung cancer were subsequently investigated (Table 1A) . Univariate analysis revealed no significant correlation between PD-L1 expression and age, gender, race, histology, mutational status, and TIL scores in either discovery or validation cohort.
PD-L1 expression by stage and lymph node status
In the discovery cohort, 19% (28/145) of stage I, 21% (9/21) of stage II, and 54% (7/13) of stage III lung cancers expressed PD-L1, and tumors with higher stage had higher PD-L1 expression (P ¼ 0.003). Differential PD-L1 expression by stage (P ¼ 0.006) was also identified in the validation cohort: 25% (30/ 119) of stage I, 30% (8/27) of stage II, and 58% (14/54) of stage III NSCLC cases were positive for PD-L1 (Table 1A) . Pairwise comparison showed that the PD-L1 expression was significantly higher in stage III than stage I disease in both discovery and validation cohorts (Fig. 2) .
Relationship between PD-L1 expression and lymph node status was also determined. In the discovery set, 22% (32/ 144) of cases without lymph node involvement and 41% cases with positive lymph nodes expressed PD-L1 (P ¼ 0.04), respectively. Similarly, 28% (35/124) of lymph node-negative cases and 46% lymph node-positive patients were found to have PD-L1 expression (P ¼ 0.04) in the validation cohort (Table 1A) . The correlation was further confirmed in the pairwise comparison (Fig. 2) . Taken together, it appears that the tumor PD-L1 expression is associated with more aggressiveness, such as advanced stage and positive lymph node involvement (as expected given nodal status defining stage). B7x expression in patients with lung cancers B7x expression was identified in 69% (128/185) of cases in the discovery cohort and 68% (118/173) of patients in the validation set (Table 1B) . Positive B7x cases were defined as samples with positive membranous and cytoplasmic B7x staining at intensity score 1, 2, or 3 (Fig. 1B) . The B7x expression was not significantly different by age, gender, stage, lymph node involvement, mutational status, and TIL status. There was a significant difference in B7x expression between the racial groups in the discovery set (P ¼ 0.03): 50% (8/16) of Hispanics, 64% (9/14) of African Americans, 73% (102/139) of non-Hispanic White, and 86% (6/7) of Asian patients had B7x-positive lung cancers. However, no significant difference existed in the validation cohort (P ¼ 0.85): 50% (5/10) of Hispanics, 67% (2/3) of African Americans, and 64% (61/96) of non-Hispanic White patients expressed B7x. Similarly, significant difference in the B7x expression among distinct histology groups was only observed in the discovery set (P ¼ 0.001) but not in the validation cohort (P ¼ 0.22). Collectively, B7x is widely expressed in lung cancer across all the subgroups.
Comparison of H-scores for different groups
To further clarify the expression profiles of PD-L1 and B7x among different categories, H-scores were calculated between the groups. As shown in Table 2A , the PD-L1 H-scores of the more advanced stage III lung cancers were significantly higher than that of early stages (I and II) in both discovery cohort (P ¼ 0.0004) and validation set (P ¼ 0.0003). Similarly, lymph node-positive lung cancers had significantly higher PD-L1 H-scores than tumors without lymph node involvement in both discovery (P ¼ 0.04) and validation sets (P ¼ 0.03). On the other hand, significant difference between EGFR-mutated and WT/WT groups was only observed in the discovery (P ¼ 0.03) cohort but not in the validation set (P ¼ 0.95). The univariate analysis revealed differential B7x expression by race or histology in one of the two cohorts (Table 1B) . As illustrated in Table 2B , no significant difference was observed for B7x H-scores between Hispanic and non-Hispanic groups in both cohorts (P ¼ 0.1 and P ¼ 0.36, respectively). Likewise, there was no significant difference between EGFR-mutated specimens and wild-type (WT/WT) tumors in both the discovery (P ¼ 0.06) and validation cohorts (P ¼ 0.55). Moreover, variable B7x tumor H-score expression in different histology groups was only found in the discovery cohort (P ¼ 0.0002) but not in the validation set (P ¼ 0.07).
Stage, TIL status, and lymph node involvement were independently associated with PD-L1 expression in lung cancer Comparison of expression characteristics, clinicopathologic features, and survival among different B7 family members: PD-L1, B7x, and HHLA2
We then compared the expression profiles and clinical outcomes of the three B7 family members. In line with our previous report (26) , HHLA2 was positive in most of lung cancer specimens, including 61% of tumors in the discovery set and 64% in the validation cohort. Representatives of triple-positive (positive staining in all three markers), double-positive (positive staining in two markers), and triple-negative (negative staining in all three markers) were illustrated in Fig. 3A -C. The frequencies of triplepositive and triple-negative were 13% and 15%, respectively (Fig.  3D) . The triple-positive cases were significantly more frequent in the more advanced stage III lung cancers than that of early stages (26% in stage III vs. 12% in stage I and II, P ¼ 0.0156). At the same time, there was a trend toward higher prevalence of triple-negative cases in early stages than that in the more advanced stage III (17% in stage I and II vs. 6% in stage III, P ¼ 0.0991). Among double positives, tumors positive for both B7x and HHLA2 are common (41%), in comparison with infrequent cases with PD-L1 and another marker (6% for PD-L1 and B7x; 3% for PD-L1 and HHLA2). More importantly, the majority of PD-L1-negative cases (78%, n ¼ 197/251) expressed one or both alternative immune checkpoints (B7x, HHLA2, or both).
Furthermore, there was a significant association between TIL status and biomarker groups: The triple-positive group had more TIL infiltration than the triple-negative group (51.1% vs. 27.5%, P ¼ 0.01). Survival analysis did not show any significant difference in survival between the immune checkpoint groups.
Effects of PD-L1, B7x, and HHLA2 on TCR-mediated proliferation of human CD4 and CD8 T cells
After defining the expression characteristics of PD-L1, B7x, and HHLA2, we next determined their effects on human T-cell proliferations. Human T cells were purified from 11 different donors and were activated with plate-bound human CD3 mAb and control hIgG, hPD-L1-Ig, hHHLA2-Ig, or hB7x-Ig. In comparison with control hIgG, hPD-L1-Ig inhibited 15% of TCRmediated proliferation of CD4 T cells (P < 0.05) but not CD8 T cells. On the other hand, hB7x-Ig reduced 39% of CD4 (P < 0.001) and 14% of CD8 (P < 0.01) T-cell proliferation, whereas hHHLA2-Ig diminished 43% of CD4 (P < 0.001) and 26% of CD8 (P < 0.01) T-cell growth (Fig. 4A) . Moreover, at the same concentration, in comparison with hPD-L1-Ig, both hB7x-Ig and hHHLA2-Ig were associated with significantly stronger inhibition of TCR-mediated proliferation of both human CD4 (P < 0.001) and CD8 T cells (P < 0.05 for hB7x-Ig and P < 0.01 for hHHLA2-Ig; Fig. 4A ).
Effects of PD-L1, B7x, and HHLA2 on cytokine production from T cells
We then investigated the effects of PD-L1, B7x, and HHLA2 on cytokine production from T cells (Fig. 4B ). Among the 13 T cellderived cytokines examined, hPD-L1-Ig significantly reduced the production of 11 cytokines: IFNg (51% reduction), TNFa (38% reduction), IL5 (30% reduction), IL13 (43% reduction), IL2 (47% reduction), IL9 (82% reduction), IL10 (61% reduction), IL17A (55% reduction), IL4 (35% reduction), IL21 (39% reduction), and IL22 (47% reduction). Similarly, hB7x-Ig significantly inhibited production of 10 cytokines: IFNg (53% reduction), TNFa (53% reduction), IL13 (38% reduction), IL9 (76% reduction), IL10 (78% reduction), IL17A (75% reduction), IL17F (79% reduction), IL4 (53% reduction), IL21 (49% reduction), and IL22 (62% reduction). In accordance with a previous report (13), hHHLA2-Ig significantly decreased the production of 8 cytokines: IFNg (50% reduction), TNFa (51% reduction), IL13 (40% reduction), IL9 (79% reduction), IL10 (76% reduction), IL17A (70% reduction), IL4 (42% reduction), and IL22 (48% reduction). Thus, consistent with their functional roles as immune checkpoint molecules, PD-L1, B7x, and HHLA2 were able to significantly suppress TCR signaling-induced T-cell cytokine production.
Discussion
The members of B7 immune checkpoint molecules, PD-L1, B7x, and HHLA2, play an important role in immune regulation. We previously showed that HHLA2 was widely expressed in two thirds of NSCLC cases, and its expression was significantly associated with EGFR mutational status (26) . In the current study, we further defined the expression profiles and clinicopathologic features of PD-L1 and B7x in human lung cancers. We found that PD-L1 expression was higher in locally advanced, stage III than the early-stage (I and II) disease, and more prevalent in the more aggressive diseases with lymph node involvement than the ones without metastases. We also compared the relative expression of the B7 immune checkpoint molecules in lung cancers. In addition to the findings consistent with previous reports on limited coexpression between PD-L1 and B7x (30, 31) , we noticed that PD-L1 was rarely coexpressed with HHLA2, whereas the coexpression of B7x and HHLA2 was common. More strikingly, there was frequent expression of B7x and HHLA2 in the PD-L1-negative tumors. The overall PD-L1 expression frequency in our study is similar to reported data in resected lung cancers (32, 33) . On the other hand, there are controversies about the correlation between PD-L1 expression and lung cancer stages (30, 32, 33) . The use of different PD-L1 antibodies/platforms and variable sample sizes with distinct stage distributions may at least partly contribute to the discrepancy. Similar correlation between PD-L1 positivity and advanced stage was identified in a comprehensive analysis when the same PD-L1 clone SP142 antibody was used to determine PD-L1 expression in 499 patients with surgically resected primary lung cancers (33) . Functionally, all three of checkpoint molecules suppressed TCR-mediated proliferation of T cells and cytokine production from T cells. To our knowledge, this is the first comparison of the functions of PD-L1, B7x, and HHLA2 on human T cells. As expected, all three of them negatively regulated T-cell responses, including suppressed T-cell proliferation and reduced cytokine secretion. Under the same concentration, B7x-Ig and HHLA2-Ig demonstrated even more potent inhibition of T-cell growth than PD-L1-Ig did. Moreover, the limited overlap between the expression of PD-L1 versus B7x and HHLA2 indicates their potential nonredundant biological functions or distinct spatial and/or temporal contributions to immune evasion.
B7x protein in tumor cells has at least three forms: transmembrane protein whose function is obvious, intracellular protein, and soluble protein whose functions are unknown. We previously reported half of renal cell carcinoma patients have elevated soluble B7x in the blood that was associated with advanced tumor stage (34) . In this study, we found B7x had some intracellular staining within tumor cells (Fig. 1) ; in the future, it would be interesting to examine whether the intracellular B7x is the source of soluble B7x.
Despite controversies, PD-L1 expression has been used as one of the predictive biomarkers to guide PD-1/PD-L1-directed immunotherapy in lung cancers (35) . For instance, as monotherapy, pembrolizumab is only approved in patients with PD-L1-expressing NSCLC based on efficacy analysis (3, 35) . The limited benefits of PD-1/PD-L1 inhibitors in the PD-L1-negative tumors highlight the importance of searching for alternative or combination treatment strategies. Our findings of the frequent expression of the alternative immune molecules, B7x and HHLA2, in PD-L1-negative tumors may shed some light in this direction. At the same time, novel immunotherapeutic approaches targeting B7x and HHLA2 are under active development and have shown promising results in early studies (25, 36, 37) . The wide expression of B7x and HHLA2 in lung cancer implicates the therapeutic potential of targeting those immune markers.
There are limitations in our study. The use of TMA sections in a retrospective study may curb tumor representation or heterogeneity of the markers. Moreover, to examine the coexpression profiles, we attempted to investigate the same area in the same spots on the comparison fields for all three molecules. It was challenging to do so for some of the cases. To overcome the spatial limitation, studies with multiplexed quantitative immunofluorescence are ongoing. In addition, the survival data are only available for a proportion of patients, and thus, our study is underpowered for survival analysis. Future studies to determine the biological significance of A, The inhibitory effects of PD-L1, hB7x, and HHLA2 on TCR-mediated CD4 and CD8 T-cell proliferation. Human T cells were purified from 11 donors. CFSE-labeled T cells were stimulated with a combination of plate-bound anti-CD3 and control human IgG (hIgG) at 5 mg/mL, human PD-L1-Ig (hPD-L1-Ig) at 5 mg/mL, human B7x-Ig (hB7x-Ig) at 5 mg/mL, or human HHLA2-Ig (hHHLA2-Ig) at 5 mg/mL for 3 days. T cells were then stained with anti-CD4 and anti-CD8 antibodies and analyzed by flow cytometry. B, Inhibition of PD-L1, hB7x, and HHLA2 on cytokine production from T cells. Purified T cells were stimulated as above. Supernatants were collected 3 days after T-cell cultures and were used for measurement of human IL5, IL13, IL2, IL6, IL9, IL10, IFNg, TNFa, IL17F, IL17A, IL4, IL21, and IL22. n ¼ 11. Ã , P < 0.05; ÃÃ , P < 0.01; ÃÃÃ , P < 0.001. n.s., not significant.
